Abstract: Point-of-care (PoC) biosensors offer promising solutions to today's adverse and costly healthcare issues by moving diagnostic tools closer to the patient. The ubiquity of smartphones has brought about an emergence of PoC devices, which leverage the smartphone's capabilities, enabling the creation of low-cost and portable biosensors. Electrochemical biosensors are well suited for PoC testing since the transducers can be miniaturized and inexpensively fabricated. This review paper discusses recent developments in smartphone-based electrochemical biosensors for PoC diagnostics. These peripherals utilize the various connectivity options (for example proprietary ports, audio headphone-jack, or wireless radio) to offload functionality to the smartphone. The smartphone-based implementations of various electrochemical techniques, such as amperometry, potentiometry, and impedance spectroscopy are explored. Major challenges include reducing power, area, and cost of measurement circuitry, while maintaining adequate performance for PoC diagnostic applications.
Introduction
Based on the most recent data from 2015, chronic illnesses, such as heart disease, stroke, and diabetes, are the leading cause of death and disability in the United States, with over 50 % of the population having at least one chronic illness [1] [2] [3] . Furthermore, 87 % of total annual healthcare expenditures ($2.7 trillion in total) are for chronic diseases with 35 % of this spending for a disproportionate 8.7 % of the population [1] . The high death rate and financial cost exist even though in many cases these diseases are preventable or manageable with proper equipment. On the other hand, in lower-income countries, communicable disease, such as respiratory infections, human immunodeficiency virus (HIV), Malaria, and tuberculosis (TB) are a much larger concern and among the top causes of death [4] . Outbreaks of acute infectious disease are also a major concern as they not only can create a large death toll but also spread to other parts of the world if unchecked, such as the Ebola virus outbreak in 2014 that infected individuals in 10 different countries, caused 11,310 verified deaths, and cost $3.6 billion dollars to control [5, 6] . Much like the issues in developed countries, these diseases are often also preventable or treatable, but, in this case, the lack of adequate healthcare infrastructure makes such solutions infeasible.
A promising solution to these problems in both developing and developed countries is to use point-of-care (PoC) biosensors, as shown in Figure 1 , which augments the current healthcare system by allowing for diagnostic tools to be brought closer to the patient providing more rapid and frequent feedback loops [7, 8] . With PoC devices located near a patient such as with at-home diagnostics or wearables, the patient can be more involved in their own health to help prevent serious issues and manage chronic conditions. More comprehensive testing equipment also can be carried by the physician or placed in the doctor's office for faster results, which can lead to earlier treatment and less reliance on testing at centralized laboratories. Finally, the same technology can also be used for rapid and accurate ad hoc testing in remote settings. However, for these PoC platforms to be portable enough to be useful, they need to be sensitive, compact, and low-power, all qualities in line with the World Health Organization's ASSURED criteria to evaluate PoC devices [9, 10] .
Fortunately, as of early 2018, 68 % of the world's population use mobile phones [11] . In the United States, the number of people with a mobile phone has grown to 95 % with 77 % specifically using a smartphone [12] . This growth can also be seen in other regions of the world such as Africa, Asia Pacific, and the Middle East that account for 80 % of all new mobile phone subscriptions [13] . This overwhelming data clearly shows that mobile phones and, increasingly so, smartphones have become a ubiquitous part of everyday life around the world. Having what is essentially a powerful, portable, and network connected device available to a majority of the world presents a tremendous opportunity to leverage this technology to develop PoC biosensors that hold promise for portable and convenient diagnostic testing [14] [15] [16] .
Hence, there has recently has been a large influx of biosensing peripheral modules that attach to smartphones to take advantage of their widespread availability, computing power, network connectivity, battery, and camera to offload as much of the biosensor as possible onto the phone itself [17] [18] [19] [20] . The goal by doing so is to create a more streamlined device that takes up less area and is less expensive compared to an equivalent stand-alone biosensor when combined with an already available smartphone. It is worth noting here that, while much of the smartphone-based biosensor ecosystem consists of optical based sensing that uses the camera for microscopy [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , colorimetric [31] [32] [33] [34] [35] [36] [37] [38] , and spectroscopic [39] [40] [41] [42] assays, the following sections will only focus on electrochemical sensing. These optical techniques are typically limited by the resolution and focus of the smartphone camera as well as ambient lighting conditions [43] . On the other hand, electrochemical measurement has the advantage of being mostly independent of the smartphone's capabilities while still achieving a comparable or better formfactor than optical peripherals.
The electrochemical cell formed from electrodes submerged in an electrolytic solution is the basis of an electrochemical sensor [44, 45] . Typically, a circuit called a potentiostat is used to probe the cell by applying a stimulus voltage or current waveform between two electrodes while simultaneously measuring the resulting current or voltage waveform at the same electrodes. For measurements that apply voltage and record current for example, any change in the cell that causes accumulation of charged molecules or promotes reduction and oxidation reactions will produce a change in the measured current, since the electrical characteristics of the cell have been altered. Electrochemical biosensors are essentially electrochemical cells with an added "bioelement," a particularly chosen molecule (e. g., DNA, antibody, protein, peptide, etc.) whose specificity is used to isolate and detect the analyte (target molecule). The electrode or transducer converts this detection of the analyte into an electrical signal that can be measured [46] . For example, imagine that one of the electrodes, known as the working electrode (WE), has single-stranded DNA (ssDNA), the "bioelement", immobilized on its surface meant to target its complimentary strand. When the WE is exposed to a solution full of a variety of other different ssDNA, ideally only those strands complimentary to the bound ones will combine and stick to the surface. DNA is negatively charged, so the WE has accumulated a significant amount of charge. By using the potentiostat to apply a stimulus between the WE and the other electrode called the reference electrode (RE), a difference in current will be measured between the response before and after the ssDNA was bound.
A simplified version of the potentiostat circuit is shown in Figure 2 with a third electrode, counter electrode (CE) used together in feedback with the RE to eliminate current following into the RE to reduce voltage errors [45] . The electrochemical cell itself can be modelled in terms of a network of passive electrical components ( Figure 2 ) that is known as Randles equivalent circuit [47] . The model consists of various impedances to represent the different electrochemical phenomena that occur within the cell. As shown in Figure 2, ), makes electrochemical biosensors ideal for PoC applications [16, [48] [49] [50] [51] [52] [53] [54] [55] . The sensors themselves have been demonstrated to be highly scalable and can be fully integrated together with circuitry on the same chip [51, 52, [56] [57] [58] [59] [60] [61] [62] . While it is a nonstandard process to fabricate electrodes onto an integrated circuit or plate the top metal with a compatible material, it still typically requires fewer steps than comparable optical-based chips [63] [64] [65] [66] . Furthermore, electrodes have also been shown to be adaptable to a variety of different point-of-care settings such as on flexible substrates or directly on the skin itself [67] [68] [69] .
Integration with Smartphone
A number of different ways to integrate a peripheral module to a phone have been developed all with distinct trade-offs in terms of available power, data rate, and compatibility with different makes and models. For electrochemical biosensors specifically, the main functionalities that can be offloaded to the smartphone are power, two-way data transmission, stimulus generation, and signal quantization using the variety of electrical interfaces available on modern cellphones.
Wired Peripherals

Proprietary Interfaces
As shown in Figure 3 , proprietary ports such as USB or Apple's lightning port have been widely used both to provide power to the periphral and to send bidirectional data [70] [71] [72] [73] [74] [75] . Typically, no additional power source other than the phone is required in this case removing the hassle of charging or replacing an extra battery, which ideally would improve patient adherence to testing. The lack of a battery also can reduce the bulkiness and size of the peripheral device. The amount of available power from these interfaces can also be relatively high with USB rated to provide a maximum of 2.5 W. This amount of power is more than enough when designing electrochemical measurement circuitry, which at most have been shown to consume 400 mW [74] . However, interfacing with these ports requires the addition of a USB interface chip (such as the CH372 or FT232R), which is essentially a component that handles the lower layer USB protocol between the phone and onboard logic [71, 74] . Furthermore, compatibility between smartphone devices is limited when using only the proprietary interfaces. A device produced specifically for a certain smartphone type would need to be redesigned in order to be compatible with a different make or model. For example, a different interface would be required when switching between old and new models of the iPhone, from iPhones to Android phones, from USB-C to USB-B devices, and even between various feature phones.
USB Communication and Power
In the literature, the USB 2.0 interface has been used much more often than other wired interfaces, i. e. the lightning port on Apple devices. Several reasons for this skew exist such as Apple requiring licensing of both software and hardware in order to build a peripheral device [76] and the usage of Android phones outnumbering that of iPhones [77] . Hence, this section will focus solely on the USB interface, which uses a master-slave protocol where the host or master controls all the twoway communication between itself and multiple devices. For USB to be used between a smartphone and a peripheral device, the mobile must have the USB OnThe-Go (OTG) protocol built into it and enabled by the firmware. OTG allows for the smartphone to switch between being master or slave depending on what is connected at its USB port [78] . While USB is used across a variety of different devices, whether OTG is available entirely depends on the make and model of the phone, thereby somewhat limiting its cross combability.
On the peripheral device itself, the physical USB connector has 4 pins, two for ground and 5 V as well as two for differential data transfer, as is standard with slave devices. The smartphone senses via this hardware connection that the peripheral is a slave and automatically provides power to the device. The USB communication protocol is strictly digital requiring that peripheral biosensors have onboard digital-to-analog converters (DAC) and analog-to-digital converters (ADC) in order to generate the correct voltage stimulus on the device and quantize the current response before transferring the results to the phone. Also, the device must implement the high level framework, packet structure, and handshake protocol discussed in many technical white papers and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 specification documents [79] , by programming the microcontroller to handle queries from the host and relying on a separate USB interface chip paired with a crystal to handle the lower level data transfer. At this high level, the protocol allows for a variety of transfer types depending on the frequency, quantity of data, and amount of error correction desired. For electrochemistry, bulk transfers can be used for sending raw ADC values, while interrupt transfers can be triggered when the sensor has crossed a predefined threshold. Overall, the USB port is a widely used and familiar interface that offers both well-defined data transfer and plenty of power. However, these devices have limited cross combability when compared to other interfaces to be discussed.
Audio Headphone Port
As demonstrated in Figure 4 , the 3.5-mm audio port intended for headphones can be used as an interface between a peripheral device and mobile phone. This port allows for both bidirectional data transfer via the microphone terminal and one of the output channels (left or right ear) and power transfer from the phone using the remaining output channel. When used as the interface for power and communication for a peripheral device, the headphone jack's main advantages are that it is both the only truly universal I/O port that exists on all smartphones and has remained entirely unchanged throughout many generations of smart devices (expect for the iPhone X, which requires an adapter). Hence, peripherals that use the headphone jack are essentially hardware compatible with all devices that have a three terminal audio port including laptops, tablets, mp3 players, and older mobile phones. Similar to devices that use the proprietary ports, taking power from the audio jack means that no battery other than phone's is required. However, since this port is AC coupled (bandpass from 20 Hz to 22 kHz) to prevent damaging headphones, no DC signals can pass through requiring both rectification of the audio output for power and modulation/demodulation of control and data signals.
Power Harvesting
As is demonstrated in prior art, an output sinusoid from the audio channel can be rectified with a MOSFET HBridge and Schottky diode to obtain a 1.2-4 V signal that 2 sized device powered by a lithium polmer ion battery that transfers chronoampermetry data gathered by a Palm Instruments potentiostat to a Nexus One [70] . The platform is paired with a microfluidic electrode chip to measure a Malaria biomarker. (B) A USB powered module that uses a custom potentiostat design and screen-printed carbon electrodes [73] . (C) A 8.4 3 5.7 cm 2 device that is also USB powered and has has multiple channels [74] . (D) A similar biosensor module that uses a USB on-the-go chip to facilitate communication [75] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 can be further regulated and filtered [43, [80] [81] [82] [83] [84] [85] . However, since various makes and models of smartphones use different drivers, the output characteristics of the headphone jacks can vary. Figure 5 (A) shows the measured values of both the output resistance and available power for a wide variety of smartphones. The resistances and maximum power available range from 1-20 W and 3-80 mW, respectively. The variation in output resistances can negatively affect the matching between the phone and the power harvesting circuitry leading to further reduced power. To account for this, a tunable matching network, such as the one shown in Figure 5 (B), can be added to the peripheral device in order to change the input impedance of the harvester and improve overall power transfer efficiency. This technique has been demonstrated to improve efficiency from 52 % up to 85.4 % [83, 86] . Even with this improvement, however, the power consumption of biosensors that use the audio port must still be low enough in order to remain compatible with most smartphones. As a result, all the peripherals in this space consume the least power (2.5-6.9 mW) when compared to other smartphone-based biosensors, aside from those that use NFC [80, 82, 86] .
Data Transfer
Signal transmission via the audio port can be accomplished in a number of different ways as shown in Figure 6 . Frequency shift keying (FSK) at~17 bps handled by an on-board microcontroller can facilitate digital transmission between the smartphone and peripheral device as is demonstrated by Nemiroski et al. and Sun et al. [81, 87] . Wang et al. [88] reported a phase-locked loop (PLL) (TI CB4046B) with active filters to demodulate a frequency signal from the smartphone to a voltage ramp stimulus for the potentiostat to run cyclic voltammetry. Another PLL is used to modulate the output of the potentiostat back to a frequency signal to transmit it to the phone to be quantized. This design does not require an onboard DAC, ADC, or microcontroller, instead offloading most of this functionality to the smartphone. However, the ability to set the test parameters including scan rate and voltage range is limited because the absolute voltage and slope of the ramp are dependent on each other. In Sun et al. [86] , bidirectional data was instead handled by a low power microcontroller sending and receiving UART packets in order to set the test parameters for cyclic voltammetry. The ramp signal was then generated on-board using a PWM generator and integrator with feedback to a course ADC to ensure accuracy. The output of the potentiostat was then converted into a frequency by a 555-timer-based voltage-controlled oscil- Fig. 4 . Two peripheral biosensors that transmit assay result data via the audio headphone port. (A) The first device quantizes the measurements on-board and then transmits the signal digitally to the mobile, which then transmits the data over an audio phone call [87] . (B) The second can harvest power from the headphone port and is able to conduct two-way communication between the peripheral and the phone [86] . By frequency modulating the analog output signal from the potentiostat, the data can be quantized on the phone side via the microphone port . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 lator (VCO) modulated with marker tones to ensure that the measured data lines up with the stimulus voltage. This frequency signal was then sent to the phone to be quantized. This design is able to independently set the voltage range and scan rate, while still consuming low enough power to be powered off of the audio jack. Jiang et al., similar to Wang et al., completely does away with using a microprocessor, instead relying on frequency and voltage modulation of the audio output channel along with frequency and amplitude detection circuits to control the impedance biosensor [82] . This design allows the peripheral to achieve a low 2.5 mW maximum power consumption and power itself directly from the audio port.
In general, audio port-based peripherals offer almost universal cross compatibility at the cost of lower available power and more complicated analog circuitry compared to USB implementations. Unfortunately, while ports on the smartphone are currently widely available, we believe that in the future smartphones could move completely towards wireless interfaces making any wired peripherals obsolete in these newer models. Hence, wireless interfaces are a promising future technology for these dongles.
Wireless Peripherals
One of the main benefits of wireless schemes, i. e. Bluetooth and NFC, is that the electronics can be separate from the actual electrodes themselves, an especially important advantage in wearable-based biosensing systems where the sensor is intended to be placed directly on or near the body enabling long-term monitoring. While the topic of designing the wearable component in these platforms will not be expanded upon here because the breadth of discussion on wearables is extensive and outside the scope of this paper, one can find several 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 detailed and high-quality review papers about the subject [89] [90] [91] [92] [93] [94] . Hence, these wireless systems can take advantage of the many advances that have been made in the effort to improve the wearability and convenience of electrochemical sensors.
Bluetooth
Recently more and more peripherals have begun using Bluetooth to wirelessly transmit data to and from the smartphone, as seen in the examples in Figure 7 [17, [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] . The obvious benefit is that these types of peripherals are compatible with all types of smartphones regardless of the make or model. Also, since some companies have been shifting towards replacing most wired interfaces with wireless ones, using Bluetooth connection appears to be more future proof than the headphone port. Companies creating commercial potentiostats have also embraced Bluetooth technology as a universal method to connect to the smartphone for portable use. The EmStat Blue (PalmSens) is a battery powered and Bluetooth potentiostat capable of running a variety of electrochemical techniques. The 8 V voltage range and large current measurement range (1 nA-100 mA, 1 pA resolution) make it a good replacement for the traditional bulky general-purpose benchtop potentiostat in many cases. The isolated wireless potentiostat from Pinnacle, Inc. is another battery powered (9 V) Bluetooth potentiostat with a smaller voltage range (4 V) and current range (80 mA) than that of the EmStat, but with two channels. However, all these wireless dongle devices require a battery that must be either replaced or recharged in addition to the smartphone's increasing the weight and size of the device. Along with an extra battery and Bluetooth radio module with antenna (such as HC-06, HM-10, TI CC2541, Bluegiga WT-12), these types of peripherals must also generate all the voltage stimulus signals as well as quantize the potentiostat output onboard. In this way, platforms that use Bluetooth are similar to standalone biosensors and only leverage the smartphone as a readout tool.
NFC
Alternatively, NFC-based peripherals, such as those shown in Figure 8 , also create a wireless data link between the sensor and smartphone, albeit at a much shorter distance, while also transmitting a small amount of power. The absence of a battery as well as the simplified measurement circuitry required to meet power constraints 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 in this scheme enables much smaller device sizes. Often these types of platforms are created by modifying custom flexible RFID tags with a sensing film in series or shunt with the antenna and simply relying on an impedance change caused by detection of the analyte to modulate the backscatter [106] [107] [108] [109] . Alternatively, Jung et al. reported an NFC-based biosensor that implements cyclic voltammetry using circuits made from fabricated single walled carbon nanotube network based thin film transistors [110] . This design rectifies the signal from the antenna to power a five-stage ring oscillator that generates the triangular voltage waveform applied to the modified electrodes. The output current after amplification and buffering is applied to an electrochromic device that visually changes color when the signal surpasses a certain threshold. Hence, this architecture only provides binary detection of an analyte and does not transfer any data back to the smartphone. The ability to receive power wirelessly allows for the dongle that performs the sensing to be generally much smaller when compared to Bluetooth modules. However, the reduced available power and inability to run when not near a reader limit the use of NFC to specific low-power and low data rate applications where size is the most important factor.
Internal Dedicated Hardware
While most smartphone-based biosensors are meant to be external peripheral devices in order to take advantage of the already saturated mobile phone market, there have been a couple of examples of modules meant to be integrated into the internal hardware of the phone as shown in Figure 9 . The desired advantage in this case is that no device additional to the smartphone needs to be managed by the user, which should improve convenience and portability. However, due to the ever decreasing size and available power of modern smartphones, any devices [107] . (B) Tag that uses the power from NFC to run cyclic voltammetry with on-board signal generation. Readout is through an electrochromic device [110] . Fig. 9 . Photographs of PoC biosensors (A) integrated into the hardware of a smartphone [112] and (B) as a swappable module for a modular phone [111] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 integrated internally, especially noncrucial components, must be implemented in a much smaller formfactor and consume an inconsequential amount of power relative to that of other smartphone functions. For example, in terms of power, smartphones typically have a lithium-ion battery with capacity of approximately 1,500 mAh with idling and a phone call consuming 108 mW and 540 mW, respectively [111] .
Guo et al. demonstrates an electrochemical measurement module integrated into a smartphone through an internal interface for power and communication [112] . Similar in design to previously discussed external electrochemical dongles but with a small enough formfactor to fit within the limited space inside the phone, this module contains a discrete ADC, DAC, voltage reference, and microcontroller, which communicates to the smartphone via I 2 C. However, this configuration requires access to and understanding of the inner workings of the phone, both hardware and firmware, that often are proprietary and not openly available to third-party developers. While Guo has this knowledge for this specific smartphone, this implementation is more a proof of concept to demonstrate integrating electrochemical modules into the smartphone for possible future development. This module also connects to disposable electrochemical test strips via a slot near the edge of the phone and runs an amperometric measurement technique for the detection of uric acid.
Sun et al. reports an electrochemical sensing module as well but intended for use in a modular phone specifically for the Google Ara Project [111] . Modular smartphones allow and encourage the end user to customize the functionality of their mobile device by swapping in various types of hardware modules. This 3.9 3 1.65 cm 2 biosensor module with a max power consumption of 100 mW contains a reconfigurable, multi-technique potentiostat that repurposes components among three different measurement modes, amperometric, potentiometric, and impedance spectroscopic. These multiple electrochemical techniques allow for varying assays to be run making the inclusion of a single biosensor module worth the space and power consumed. However, while both Guo's and Sun's approaches eliminate the need for a separate external hardware dongle, they suffer from a major limitation when compared to the devices that use other interfaces. Since these designs are intended for a particular smartphone, they are not compatible across different makes and models unlike other wired or wireless interfaces discussed. Also, the smartphone manufacturers and designers need to allow and be a part of the incorporation of the electrochemical module for these schemes to be practical.
PoC Implementations of E-Chem Techniques
While the interface used by a smartphone-based biosensor sets the available resources for the system, the potentiostat design determines the measurement techniques that can be run and the achievable sensitivity. A potentiostat circuit similar to the standard transimpedance amplifier (TIA) or current conveyor based designs [56, [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] , is used to run electrochemical techniques that require potential control and current measurement such as cyclic voltammetry, chronoamperometry, and pulse voltammetry each with its own drawbacks and advantages. The technique chosen typically depends on the application as well as the type of assay. The measurement circuitry must be able to apply a stimulus potential signal between the WE and RE that can be any combination of triangle, square, step, pulse, or sinusoidal waveforms. The applied voltage range is traditionally limited to below 1 V with a resolution of at least 5 mV. The resulting generated current waveform is then measured, which corresponds to the amount of the biomarker detected by the sensor. The signal portion of the waveform is highly dependent on the assay, concentration range of the analyte, and size of the transducer. For the PoC screen-printed electrodes or microelectrodes such signal currents can range anywhere from femtoamperes to microamperes on top of background currents so both sensitivity and dynamic range are crucial parameters. Furthermore, the bandwidth requirements typically range from sub-Hz levels to 100 kHz, so contending with 1/f noise for some techniques is crucial, while for others extending the bandwidth is necessary, thus integrating more noise. Therefore, in the following sections, various potentiostat implementations designed for a specific measurement mode are discussed. Table 1 summarizes and compares these smartphone-based electrochemical biosensors sorted by interface and the electrochemical techniques they can run.
Amperometry
For potential controlled current measurement techniques such as chronoamperometry (step input), cyclic voltammetry (triangular waveform input), and pulse voltammetry (pulse train input), most devices either use a commercially available AFE i. e., TI LMP91000 [130] , or a custom potentiostat circuit. The advantage of LMP91000 is that the entire AFE is completely integrated into a single chip housed in a 4 3 4 mm 2 package that consumes 40 mW. The detectable current range for this chip is 5-750 mA, which is acceptable for applications such as blood glucose measurement where the analyte concentration is generally high [105] , but not sensitive enough for many other assays. Instead, when power can be traded for lower noise and smaller input bias current, custom potentiostat circuits with resistive feedback transimpedance amplifiers (R-TIA) are designed to obtain a higher current resolution. The open source "CheapStat" potentiostat has a current resolution of 1 nA with tunable gain from 33-165 kW [96, 113] . Fan et al. demonstrates a custom Bluetooth potentiostat that also achieves a current resolution of 1 nA and limit-of-detection (LOD) for neuron-specific enolase of 22 pM using differential pulse voltammetry (DPV) [97] . Sun et al. obtains a~300 pA current resolution with a LOD for secretory leukocyte protease 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 inhibitor (SLPI) of 1.4 nM using CV in an audio-jack powered peripheral. Jung et al. and Pechlivanidis et al. also both report current resolutions for their Bluetooth based biosensors of 400 pA and 122 pA, respectively [74, 99] .
Potentiometry
Potentiometric measurement circuitry typically only requires an amplifier with a large input impedance to measure the voltage from an ion selective electrode known for its high resistance (10 MW-1 GW). In Zhang et al., a USB powered non-inverting amplifier with an input bias current of~20 nA is used and can achieve a LOD for a-amylase of 89 nM [71] . There also exists a commercial potentiometric measurement chip, i. e. LMP91200 [131] , which is essentially an ultra-low leakage buffer (600 fA), that has been used in audio-jack biosensors [81] .
Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is typically measured by applying a small sinusoidal voltage stimulus between electrodes and measuring the magnitude and phase of the resulting current signal at multiple frequencies in order to calculate an impedance spectrum. Due to the typical frequency range 1-100 kHz and the low 5-mV peak amplitude of the stimulus signal, EIS tends to be the most power consumptive measurement technique since it needs to measure both magnitude and phase accurately from a small current signal at all frequencies within the spectrum. Hence, most of the PoC oriented EIS sensors require power sources such as a 9 V lithium ion 
CV -cyclic voltammetry; Pot. -potentiometric; CA -chronoamperometry; SWASV -sqare-wave anodic stripping voltammetry; EISelectrochemical impedance spectroscopy; Imp. -impedance measurement; DPV -differential pulse voltammetry, VCO -volatile organic compounds; TMPD -tetramethyl-p-phenylenediamin Review www.electroanalysis.wiley-vch.debattery. As is true with the other two measurement modes, there exists a popular commercial IC solution, AD5933 [132] , which is able to fit a complete digital signal generator (DDS) core, DAC, ADC, and discrete Fourier transform (DFT) hardware into a single small chip as is shown in Figure 10 (A) [17, 95, 100] . However, the main issues with this IC are that the smallest potential stimulus it can apply is~200 mV peak-to-peak and the bias point cannot be set independently of the amplitude. In most cases, EIS measurements need to be fitted to a linear impedance model. With a high stimulus amplitude, it can no longer be assumed that the data matches this linear model. Furthermore, in assays where there are redox reactions, setting the bias point accurately is crucial to the measurement. Custom EIS circuits have been created to obtain more accurate results that use on-board ADCs, DACs, and microcontrollers relying on separate batteries to provide enough power [101, 103] . However, Jiang et al., as illustrated in Figure 10 (B), shifts the generation of the stimulus signal and quantization to the smartphone through the headphone jack, negating the need for a microcontroller and mixed-signal circuits allowing for a very low power (2.5 mW) EIS peripheral, which is mostly analog, albeit with a frequency range limited to the audio band [82] .
Multi-technique
Combining multiple techniques into a single platform allows users the versatility to run a variety of different assays all just by changing the type of electrode. Nemiroski et al. successfully demonstrates a peripheral device that runs multiple amperometric and potentiometric techniques all with the same handheld-sized device paired with a mobile-phone using the headphone jack for data transfer at a rate of 17 bps [87] . The device contains a custom designed potentiostat with a current resolution of 0.5 nA along with an on-board microcontroller, 16-bit ADC, and 16-bit DAC all powered by a 3.7 V lithium polymer battery with a 210 mAh capacity. The module consumes at most 40.7 mW, and the board's dimensions are 5.6 3 10.6 cm 2 . It runs chronoamperometry for detection of glucose, cyclic voltammetry for measuring P. falciparum (PfHRP2), square-wave anodic stripping voltammetry for heavy metal detection, and potentiometry for sodium measurements in urine. The device also has a vibration motor to increase metal deposition during stripping voltammetry thereby amplifying the electrochemical signal. Sun et al., as discussed in a previous section, also has a custom potentiostat with a 0.5 nA current sensitivity that takes up only a fraction (10 %) of the area and consumes slightly more power (49.5 mW in amperometric and 111 mW in impedance spectroscopic modes) [111] . This device manages to implement cyclic voltammetry for measuring lactoferrin for urinary tract infections, chronoamperometry for blood glucose, potentiometric for pH of sweat, and impedance spectroscopy for a label-free NeutrAvidin assay.
Conclusion and Outlook for Future
The current ecosystem of smartphone-based PoC electrochemical biosensors was explored and the different types of interfaces were compared to demonstrate the trade-offs of each. Overall, compatibility with smartphones, amount of available power, whether an external power source is required, and the sensitivity and capabilities of the potentiostats were examined. It is worth noting here that it is often difficult to get FDA approval for smartphonebased devices since smartphones themselves are not permitted for medical use. Many commercial devices have gotten around this by not using the phone in the critical path and only having it display information. However, more and more platforms are being approved by the FDA that utilize different components of the smart device giving us hope that biosensors based off the technology discussed in this paper can one day become actual medical devices. Some examples of devices that have received approval are the Dip.io (Healthy.io), which is the smartphone-based urinalysis kit that uses the third-party smartphone camera to measure the color change on a dipstick and the KardiaBand (AliveCor), a personal EKG that is the first medical device accessory for the Apple Watch. Fig. 10 . PoC EIS implementations. (A) Bluetooth-based device uses an impedance converter that has on-board signal generation and Fourier transform capability [17] . (B) Audio-jack peripheral uses the output of the audio channel as the stimulus signal and relies on the microphone on the smartphone to quantize the output [82] .
In terms of interfaces, there seems to be more and more wireless Bluetooth-based peripheral devices being developed and published compared to wired versions that use proprietary ports or the audio-jack. This trend is due to many factors including the increased popularity of other Bluetooth connected peripherals such as wireless headphones and credit card readers and the availability of low-power commercial off the shelf Bluetooth shields that greatly simplify making a biosensor wireless. However, many Bluetooth implementations do not improve upon the formfactor or convenience of their wired counterparts due to the inclusion of an external battery and the need for on-board signal generation.
On the other hand, NFC-based sensors appear to be one of the more promising interfaces for future development of smartphone-based biosensors that deserve further attention. It allows for power transfer from the phone to greatly reduce the size of the device while maintaining the convenience of wireless. However, the available power is miniscule (< 1 mW), so innovative designs that either use passive sensing techniques or low power integrated circuit potentiostats are the clear next steps in this space. Eventually, the sensing circuit could be fully mounted on the electrode itself without needing any additional external hardware.
Furthermore, while each type of peripheral biosensor has its own advantages and optimal use cases, carrying around multiple dongles for different PoC assays in burdensome. Hence a device that combines all the techniques and benefits together into a single biosensing platform integrated into a smartphone would greatly improve the practicality of PoC biosensors. However, since the modular smartphone has yet to be realized, the only possibility for full integration is directly interfacing with the internal hardware of standard smartphones. For this to be possible, a platform that can run multiple techniques must be significantly miniaturized. Hence, the next steps for a multi-technique smartphone-based biosensor module would be to shrink down the analog-frontend and mixed signal circuitry, typically constructed from discrete components, into an integrated circuit version, which would be much smaller and more suitable for installing inside a regular non-modular smartphone. Furthermore, there is already an extensive amount of prior art on designing integrated potentiostats that contain the analog front-end, quantizers, and digital control on a single silicon chip. These devices can outperform their discrete counterparts with pA level sensitivities and low power consumption in the mW range [133] [134] [135] [136] [137] [138] [139] . Hence, on the electronic technology side, there is a relatively low barrier of entry to be able to incorporate one of these high-performance IC potentiostat designs into a smart device such as a smartphone, tablet, or smartwatch. However, to justify the high cost required to fabricate application specific integrated circuits and make these platforms financially viable, there needs to be a high amount of consumer interest in them as well as enough validated and proven biosensing applications that hopefully will be accomplished using this current generation of smartphone-based biosensors. It is our hope that these further improvements will promote the use of specialized, portable, and practical medical devices well positioned to be the first line of defense in the future of healthcare . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
